Abstract Amorphous indium-gallium-zinc-oxide (a-IGZO) thin-film transistor (TFT) backplane technology is the best candidate for flat panel displays (FPDs). In this paper, a-IGZO TFT structures are described. The effects of etch parameters (rf power, dc-bias voltage and gas pressure) on the etch rate and etch profile are discussed. Three kinds of gas mixtures are compared in the dry etching process of a-IGZO thin films. Lastly, three problems are pointed out that need to be addressed in the dry etching process of a-IGZO TFTs.
Dry Etching Characteristics of Amorphous
Indium-Gallium-Zinc-Oxide Thin Films 
Introduction
The backplane is the core part of liquid crystal displays (LCDs) and active-matrix organic light-emitting diode displays (AM-OLEDs). At present, amorphous silicon (a-Si), low-temperature polysilicon (LTPS) and a-IGZO TFTs backplanes almost dominate the whole FPD market. a-Si TFTs have low field-effect mobility (∼1 cm 2 /Vs) [1∼3] . They are insufficient to drive largesize and high-resolution AM-OLEDs. LTPS TFTs have high field-effect mobility (∼100 cm 2 /Vs) [4∼6] , but they are not uniform because of the existence of crystal grain boundaries. Moreover, they require more mask process steps; at least 7 masks are needed to produce a backplane and that increases the manufacturing cost [7] . LTPS is formed by a-Si using metal-induced lateral crystallization (MILC) [8] or excimer laser annealing (ELA)
[9∼11] technology. Due to the introduction of metal ions in the process of MILC, LTPS TFTs have a high leakage current [12] . ELA is a mature technology used for small-size panels, but it is not suitable for largearea glass because of the limited laser beam length and laser beam instability. a-IGZO TFTs have high mobility (∼10 cm 2 /Vs) [1.13∼15] and uniformity because of their amorphous characteristic. There is no doubt the a-IGZO TFT backplane will be the best candidate for the next generation of displays. Many studies on the preparation of a-IGZO have been reported [16∼18] , but only few reports on the etching of a-IGZO. The wet etching rate of the a-IGZO channel is quite fast, even with a weak acid solution [19] . The dry etching method is a more controllable method in the TFT manufacturing process. Table 1 presents a comparison of dry etching and wet etching. Generally, the wet etching process results in an isotropic profile. Therefore, the dry etching method is suitable for a fine-pattern design. Compared to the wet etching process, dry etching has little impact on the environment, so it is a more ideal etching method. In this work, the effects of etch parameters, such as the coil rf power, dc-bias voltage and gas pressure, were investigated in the process of dry etching. In addition, gas mixtures containing CH 4 , Cl-based etch gas and F-based etch gas were compared in the etching of a-IGZO. Last, three problems encountered in the dry etching process of a-IGZO were briefly examined.
The structure of a-IGZO TFT
There are four basic TFT structures, including bottom-gate staggered, top-gate staggered, bottomgate coplanar and top-gate coplanar [20] . The first type [21, 22] is the most commonly used structure. Fig. 1 displays the schematic diagram of a bottom-gate staggered a-IGZO TFT. As the active layer of a TFT, the preparation of a-IGZO film and post-annealing treatment have important effects on the performance of TFT, such as the threshold voltage (V th ), on-off current ratio (I on /I off ) and subthreshold swing (SS) [1, 7] . Can not be ignored None Fig.1 The schematic diagram of a bottom-gate staggered IGZO TFT
Effects of etch parameters on etching a-IGZO thin films
The effects of etching are determined by the combined action of the coil rf power, dc-bias voltage and gas pressure. We investigated the effect of each parameter on the dry etching of a-IGZO. Fig. 2 (a) presents the etch rate of a-IGZO thin films etched at different rf powers. The etch rate linearly increased with the power increasing. This might be attributed to the increase of Ar ions and reactive radicals caused by the increase in the plasma density at a high coil rf power [23] . So the physical sputtering and the rate of chemical reactions on the etched surface increased. The power densities are usually in the range of 0.1∼1 W/cm 2 . In the case of changing the dc-bias voltage, the same tendency was observed, as shown in Fig. 2 (b) . This was attributed to the increased bombardment energy of Ar ions at a high dc-bias voltage.
Coil rf power and dc-bias voltage
A high coil rf power or a high dc-bias voltage resulted in a high degree of anisotropy. The etch profile became vertical as the coil rf power or dc-bias voltage increased. LEE and CHUNG [24, 25] had verified this in the dry etching of IZO thin films with different etch gases, as shown in Fig. 3 and Fig. 4 . Similar variations may occur during the dry etching of a-IGZO thin films. 
Gas pressure
With an increasing gas pressure, there is an increase in the amounts of active radicals and ions but a decrease in their mean free paths [24] . These two effects counteract each other. We are not sure which effect plays a more vital role in a certain range of the gas pressure. So the effects of the gas pressure on the etch rate and etch profile are uncertain. The etch rate may increase [26] , decrease [23, 24, 26] or remain unchanged [27] with the gas pressure increasing. The gas pressure is usually in the range of 5∼200 mTorr.
The dry etching characteristic of a-IGZO with different gas mixtures
Since it was discovered by Professor Hideo HOSONO [28] in 2004, there have been only a few reports on the dry etching of a-IGZO films up to now. In contrast, many reports on the dry etching of IZO films are available. Because of the similarity of the two materials, we will explain the dry etching characteristic of a-IGZO films with different gas mixtures by analogy with that of IZO films in the following section.
Gas mixtures containing CH 4
If the etching gas contains CH 4 , a-IGZO may have a high etch rate because CH 3 radicals can react with In, Ga, or Zn to form volatile products In(CH 3 ) x , Ga(CH 3 ) y and Zn(CH 3 ) z . KHANNA [29] found the surface morphology of IZO film etched in CH 4 /Ar/H 2 exhibited particle-like features resulting from the preferential desorption of In-, and O-containing volatile reaction products, probably InCH 3 , and CO 2 . A Zn-rich surface layer was produced after etching in CH 4 /Ar/H 2 because of different formation rates of volatile products. A similar phenomenon may appear when etching a-IGZO films. The etch rate may increase with a raised ratio of CH 4 /(CH 4 +Ar) at first because of the formation of volatile products In(CH 3 ) x , Ga(CH 3 ) y and Zn(CH 3 ) z . However, a further increase of CH 4 in the CH 4 /Ar mixtures may decrease the a-IGZO etch rate due to the increased formation of α-C:H polymer on the a-IGZO surface with high CH 3 radicals and insufficient ion bombardment. The dry etching of a-IGZO may exhibit an ion-assisted etch mechanism that is similar to ZnO [30, 31] .
Cl-based etch gas
Cl-based etch gas, such as Cl 2 [32, 33] and BCl 3 [34] , can be used to etch a-IGZO films. However, the etch rate may be not so fast as using gas mixtures containing CH 4 because the surface reaction products ZnCl 2 , InCl 3 , GaCl 3 are non-volatile compounds in the range of pressure (mTorr range) and temperature (∼ 25
• C) used in most of the dry etching experiments [29] . The a-IGZO etch rate may increase with an increased Cl 2 or BCl 3 concentration due to the increased chemical reaction of the a-IGZO films with Cl radicals in the plasma with the assistance of Ar ion sputtering. The dry etching process of a-IGZO films obeys a reactive ion etch mechanism that includes ion sputtering and a chemical reaction.
F-based etch gas
The a-IGZO films could also be etched with F-based etch gas, such as CF 4 [32, 34] . The etch rate is slower than that of Cl-based etch gas because the surface reaction product F-based compounds have a high melting point and boiling point (as is illustrated in Table  2 ). However, the etch rate could be tailored by controlling the addition of oxygen [35] . The etch rate may decrease by increasing F-based etch gas because it is easy to form fluorocarbon polymer film on the a-IGZO film with a large amount of F-based etch gas that stops further etching. Ar ion sputtering with chemical assistance is the main etch mechanism. 
Conclusion
As the active layer of a TFT, the thickness of a-IGZO film ranges from 30 nm to 80 nm [36] . Cl-and F-based etch gas are more appropriate for dry etching of a-IGZO films. However, three problems should still be addressed in the process of IGZO TFT manufacture.
a. The selectivity of an a-IGZO layer and insulator layer should be as large as possible (>6) to ensure a safe insulator layer.
b. In order to ensure good ohmic contact between the a-IGZO layer and S/D electrode, the etch profile of the a-IGZO layer should not be more than 75
• . c. If the dry etching method is adopted to pattern the S/D electrodes in the fabrication of bottomgate staggered a-IGZO TFTs, the selectivity of the S/D metal and a-IGZO should be considered. SHIN et al. [33] found that the selectivity of Mo (S/D metal) and a-IGZO could be up to 16.76 and the a-IGZO etch rate was 23.3 nm/min when adopting Cl 2 /Ar (flow rate: 45 sccm/5 sccm) for etching. These results can meet fabrication requirements. There is still an issue which should not be ignored. The a-IGZO semiconductor layer may change into a conductor layer because of ion bombardment in the process of patterning S/D electrodes. The electrical properties may deteriorate (such as the decrease of I on /I off ). Fortunately, PARK et al. [37] solved this problem. They applied N 2 O plasma treatment on the back surface of the a-IGZO channel layer and got excellent electrical characteristics. The reason is that oxygen that dissociates from N 2 O enables a conductive a-GIZO back surface to recover.
Due to its excellent performance, many flat panel displays, including electronic papers (e-papers), organic light-emitting-diode displays (OLEDs) and liquid crystal displays (LCDs) have adopted the IGZO TFT backplane [38] . But research on a-IGZO TFT backplanes has just started in China. Compared with Samsung, LG and Sharp, we still have a long way to go. So we should increase financial support for related research and try to achieve great breakthroughs in key technologies of IGZO TFT backplane manufacturing, such as the preparation, dry etching of a-IGZO films and the design of the IGZO TFT structures. 
